Abstract: Fungal root endophytes obtained from natural vegetation were tested for antifungal activity in dual culture tests against the root pathogen Gaeumannomyces graminis var. tritici. Fifteen isolates, including Acremonium blochii, Acremonium furcatum, Aspergillus fumigatus, Cylindrocarpon sp., Cylindrocarpon destructans, Dactylaria sp., Fusarium equiseti, Phoma herbarum, Phoma leveillei, and a sterile mycelium, selected based on the dual culture test, were inoculated on barley roots in growth tubes under axenic conditions, both in the absence and presence of G. graminis var. tritici. All isolates colonized the rhizosphere and very often the root cortex without causing disease symptoms and without affecting plant growth. Eight isolates significantly reduced the symptoms caused by G. graminis var. tritici, and 6 of them reduced its presence in the roots.
Introduction
Rhizosphere endophytes can be efficient biocontrol agents of root pathogens compared with other organisms that are unable to enter the root cortex and are subjected to competitive interactions with other soil microorganisms (Tjamos 2000; Narisawa et al. 2002) . Nonpathogenic rhizospherecolonizing fungi have been frequently observed to protect plants against root pathogens (Hyakumachi 1994; Duijff et al. 1999; Narisawa et al. 2002; Sieber 2002) . Further benefits to the host plant include growth promotion (Shivanna et al. 1996; Gasoni and Stegman De Gurfinkel 1997; Vilich et al. 1998; Obledo et al. 2003; Schulz and Boyle 2005) or protection against environmental stresses (Redman et al. 2002; Sieber 2002; Schulz and Boyle 2005) . In particular, many studies have shown suppression of take-all caused by Gaeumannomyces graminis (Sacc.) Arx and Olivier var. tritici Walker by nonpathogenic root-colonizing fungi Sivasithamparam 1988, 1989; Wong 1994; Duffy et al. 1996; Shivanna et al. 1996; Monfort et al. 2005) .
Suppression of a pathogenic fungus by an endophyte is usually stronger or occurs more frequently in the host plant where it was originally isolated (Narisawa et al. 2002) . In fact, some nonpathogenic endophytes may produce disease symptoms when inoculated in non-host plants, suggesting an adaptation to the natural host (Schulz and Boyle 2005) . Nevertheless, in a plant's natural habitat a high diversity of root endophytes can be observed, in which no host specificity has been found (Jumpponen and Trappe 1998) . Preference for a host, or even colonization of diverse hosts, by the same endophyte indicates a lack of strict host adaptation. Based on this observation, we propose that root endophytic fungi antagonistic to fungal root pathogens can asymptomatically colonize the rhizosphere of non-host plants and suppress disease under laboratory conditions. To test this hypothesis, we screened endophytes isolated from roots of natural vegetation for antagonism against the important root pathogen G. graminis var. tritici. A selection of inhibitory isolates was inoculated on barley roots in the absence or presence of G. graminis var. tritici. Colonization of the barley roots by the different endophytes and their effect on plant growth and in disease development were studied using biological and ultrastructural methods.
Materials and methods

Fungal material
The fungal endophytes studied originated from roots of 24 plant species of natural vegetation in the Province of Alicante, south eastern Spain (Maciá-Vicente et al. 2008) . All fungal isolates used are stored in the culture collection of the Laboratory of Plant Pathology, University of Alicante. Gaeumannomyces graminis var. tritici (Ggt) was a kind gift of Dr. K. Sivasithamparam, University of Western Australia.
Antagonism to fungal root pathogens
Three hundred and sixty-five fungal root endophytes (including 66 species in 29 genera, and 37 morphospecies) were tested in a dual plate bioassay for antagonistic activity against the root pathogenic fungus Ggt. The growth rate of each isolate with respect to the pathogenic fungus was considered for the dual culture test. On the third day, those isolates with a larger average radius than that of Ggt (10.16 mm) in Sabouraud-dextrose agar (SDA) medium were considered as fast-growing and those with a smaller radius were considered as slow-growing isolates.
Plugs (5 mm diameter) of each endophyte were placed in the periphery of triplicate Petri dishes containing SDA, and a plug of Ggt was placed 4.5 cm away. Pathogen inoculum was plated simultaneously with the fast-growing isolates and after a 48 h delay for the slow-growing isolates. Controls consisted of scoring the radii of colonies of Ggt growing alone on SDA medium. Inhibition zone and inhibition percentage of the radial growth of the pathogen were recorded 10 days after inoculation, and measurements were taken according to Royse and Ries (1978) . Cultures with inhibitory endophytes were re-examined 1 month after inoculation to assess the stability of the inhibition zone. Fifteen isolates of inhibitory root endophytes were selected for further experiments. Their origin is given in Table 1 .
Inoculation of barley roots with fungal endophytes with or without Ggt
For inoculation of barley roots with endophytes only, we followed the protocols of Bordallo et al. (2002) and Monfort et al. (2005) , with some modifications. Barley seeds (Hordeum vulgare L. var. disticum), known to be susceptible to Ggt (Monfort et al. 2005) , were rinsed in tap water with 2-3 drops of Tween-20 (Sigma) for 1 h. They were then surface sterilized using 5% sodium hypochlorite for 1 h under shaking (115 r/min). Seeds were rinsed 3 times in sterile distilled water, blotted onto sterilized filter paper, and pregerminated on a germination medium (12 g agar, 10 g glucose, 0.1 g peptone, and 0.1 g yeast extract, per litre) for 2 days at 25 8C. Culture tubes (25 mm Â 150 mm, Sigma C-5916) were filled with 30 mL of vermiculite and 20 mL of distilled water and autoclaved. The tubes were inoculated independently with 4 plugs (5 mm diameter) from the edge of fungal colonies from the 15 root endophytes previously selected growing on corn meal agar (CMA, Becton, Dickinson & Co., Sparks, Maryland, USA). Fungal inoculum was introduced 2 cm below the surface of the vermiculite. Individual barley seedlings were planted into the inoculated vermiculite, and the tubes were placed in a growth chamber with a photoperiod of 16 h : 8 h (light:dark) at 23 8C. Control treatments consisted of tubes inoculated with plugs of noncolonized CMA.
For simultaneous inoculation of barley roots with both endophytes and Ggt, 4 plugs of each of the 15 endophyte isolates were first placed 2 cm deep in the vermiculite. The pathogen was inoculated as 2 plugs from the CMA colonies, which were introduced 4.5 cm below the surface of the vermiculite, as performed in Monfort et al. (2005) . Controls inoculated with Ggt only included 4 noncolonized plugs of CMA instead of the endophyte inoculum and 2 plugs of Ggt as described above. Culture tubes were kept in a growth chamber with a photoperiod of 16 h : 8 h (light:dark) at 23 8C.
These experiments were performed twice with a total of 20 tubes per treatment (endophyte only or endophyte plus Ggt).
Seven and 14 days after inoculation, 10 barley plants per treatment were removed from the vermiculite. Stem and root weight, and total root length per plant were measured. In addition, for treatments including endophyte plus Ggt, the effective root length (ERL, distance from the stem base to the proximal necrotic lesion produced by Ggt, respective to the total root length) was recorded and calculated according to Seah et al. (1996) and Aberra et al. (1998) . ERL provides a score of the uninfected root (therefore ''effective'') above the take-all lesion closest to the crown. In addition, the percentage of infected roots per plant (without regard to the number of lesions per root) was calculated as a measurement of the disease severity (Cook 2003) .
Roots were then surface sterilized in 1% sodium hypochlorite for 1 min, washed in sterile distilled water, and cut into 1 cm fragments. Six root fragments per plant-2 from the upper part of the root (close to the stem base), 2 from the middle part, and 2 from the lower part (close to the root apex)-were blotted onto sterilized filter paper and plated on CMA. Five to 7 days later, colonization of root pieces by endophytes or Ggt was recorded, and the percentage of root colonization by fungal endophytes per plant was calculated.
Statistical analyses
Inhibition of the pathogen's radial growth in the dual culture bioassay was defined by the formula: 100 Â (r1-r2)/r1, where r1 is the colony radius of the pathogen in the direction away from the potential antagonist, and r2 the colony radius of the pathogen in the direction towards the potential antagonist (Worth 2002) . Inhibition was considered to take place when an inhibition zone between the 2 colonies occurred simultaneously with a significant (P < 0.05) inhibition percentage with respect to controls. One-way ANOVA was used to determine differences between treatments and the controls. Dunnett's test was used for pairwise comparisons.
In tube assays, one-way ANOVA was used to determine possible differences between treatments and controls. For stem weight, root weight, root length, ERL, and colonization rate by Ggt, Dunnett's test was used for 2 by 2 comparisons. Colonization of barley roots by the different endophytes was compared 2 by 2 using Tahmane's T2 test. The level of significance was 95%. All analyses were performed using SPSS 13.0 for Windows.
Light and transmission electron microscopy
Barley roots inoculated with endophytes were harvested 3, 5, and 10 days after inoculation. For light microscopy, whole-root systems were fixed in acetic acid -ethanol (1:3) under vacuum, boiled (95 8C) in lactophenol-ethanol (1:2) for 3 min, and then stained for 15 min with trypan blue 0.1% (m/v) in lactophenol-ethanol (1:2) at 95 8C. Roots were again boiled for 30 s in 125 mmol/L KOH and then mounted on microscope slides with 25% glycerine including a drop of lactophenol.
For transmission electron microscopy, 5 mm long root fragments were fixed in 2% (v/v) glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4) with 1% (m/v) sucrose for 3 h at room temperature. After a rinse in 0.1 mol/L phosphate buffer (pH 7.4) with 1% (m/v) sucrose, samples were post-fixed in 2% (m/v) OsO 4 in 0.1 mol/L phosphate buffer (pH 7.4) for 2 h at room temperature. Samples were then rinsed again in 0.1 mol/L phosphate buffer (pH 7.4), dehydrated in a graded ethanol series, and transferred to ethanol-propylene oxide (1:1) and then to pure propylene oxide. Samples were infiltrated in an increasing series of Epon-Araldit resin (Fluka, St. Gallen, Switzerland) in propylene oxide and polymerized in pure resin at 60 8C for 23 h.
Thin sections (0.5 mm) were cut in a Reichert-Jung ultramicrotome with a glass knife and stained with 0.5% (m/v) aqueous toluidine blue. Root samples showing fungal colonization were used for ultrathin (ca. 70 nm) sectioning with a glass knife. Sections were stained for 20 min in uranyl acetate and then 3 min in lead citrate and were examined with a Zeiss EM 10 CR electron microscope.
Results
Antagonism to fungal root pathogens by endophytes
We considered that inhibition of Ggt by endophytes took place in dual cultures with an inhibition zone and an inhibition percentage of the radial growth of the pathogen higher than that of the control (P < 0.05). According to these considerations, 73 isolates (belonging to the genera Acremonium, Alternaria, Chaetomidium, Cylindrocarpon, Dactylaria, Fusarium, Humicola, Penicillium, Phialophora, Phoma, Rhizoctonia , and sterile mycelia) inhibited Ggt. Out of the 365 endophyte isolates used in the dual cultures, 190 (52%) were fast-growing and 175 (48%) slow-growing. Only 35% of the inhibitory isolates were fast-growing.
Of the 15 inhibitory endophyte isolates selected for barley colonization experiments, 8 were slow-growing and 7 were fast-growing (Table 1) .
Colonization of barley roots by fungal endophytes
Fungal root endophytes had no significant effect on stem or root weight or total root length of barley plants compared with uninoculated controls, neither 1 nor 2 weeks after inoculation (data not shown). Colonization of the barley roots 1 week after inoculation of the endophytes varied significantly between isolates. Two weeks after inoculation only Acremonium blochii 14/1.2.1 showed a significantly lower colonization of barley roots compared with the rest of the endophytes, which showed similar colonization rates (Fig. 1) .
Colonization was significantly higher (P < 0.05) for all isolates in the upper part of the root, closest to the inoculum of the endophytes, either 1 or 2 weeks after inoculation. In the second week, colonization of the middle part of the root was generally higher than that of the apical part ( Table 2) .
Effects of fungal root endophytes on Ggt in barley roots
No variation of stem weight, root weight, or root length was found in plants inoculated with Ggt or with Ggt in combination with endophytes as compared with controls without Ggt neither 1 or 2 weeks after inoculations. The only exception was the root length of 2-week-old plants inoculated with both Ggt and Dactylaria sp. 10/1.3.1, which was significantly higher than that of control plants inoculated with Ggt only (data not shown).
After 1 week, there were no significant differences in the ERL or in the number of symptomatic roots between plants inoculated with Ggt plus endophytes and control plants inoculated with Ggt only (Fig. 2) . In the second week, a significant increase in the ERL as compared with the control was found in plants with Acremonium furcatum 21/1.3.1, Dactylaria sp. 10/1.3.1, Fusarium equiseti (isolates 10/3.3.1, 28/3.2.1, 34/2.1.1, and 45/1.2.1), Phoma herbarum 9/3.6.1, and sterile mycelium 10/1.5.1 (Fig. 2A) . The rest of the treatments yielded ERLs greater than that of the control but without significant differences. Fusarium equiseti (isolates 10/3.3.1 and 28/3.2.1) also showed a significantly lower per- centage of symptomatic roots 2 weeks after inoculation (Fig. 2B) .
Colonization of barley roots by Ggt was unaffected by the presence of the different endophytes 1 week after inoculation (Fig. 3A) . Two weeks after inoculation, root colonization by Ggt was clearly reduced (P < 0.05) by the presence of A. blochii 14/1.2.1, Aspergillus fumigatus 26/1.1.1, Dactylaria sp. 10/1.3.1, F. equiseti (isolates 10/3.3.1, 28/3.2.1, and 45/1.2.1), P. herbarum 9/3.6.1, and sterile mycelium 10/1.5.1 (Fig. 3B) . Colonization of roots by endophytes was found to be significantly higher (P < 0.05) in the upper part of roots from 1-and 2-week-old plants. In 2-week-old Note: Different letters indicate significant differences for each treatment at P < 0.05. Note: Different letters indicate significant differences for each treatment at P < 0.05. (E) Two hyphae of F. equiseti isolate 45/1.2.1 within the cortex of the root. One hypha (hy) grows between 2 cortical walls (w) within degraded wall material (dw). Another hypha (h) grows within an empty cortical cell (cc; bar = 3 mm). (F) A hypha (hy) of Phoma herbarum isolate 9/3.6.1 growing between cortical cell walls (w), 3 days after inoculation is surrounded by degraded cell wall material (dm; bar = 1.5 mm).
plants, the endophytes colonized the middle and apical part of the root more frequently. On the other hand, Ggt was always more abundant in the middle part of the root. In the absence of endophytes, Ggt colonized the whole root system completely in 2 weeks. Furthermore, in endophyte-inoculated roots, Ggt failed in many cases to reach the upper part of the root (Table 3) .
Light microscopy and transmission electron microscopy
Three to 5 days after inoculation, all endophytes colonized the root surface by producing a netlike mycelium, mainly in the upper part of the root close to their inoculum (Fig. 4A ). This mycelium became less dense towards the root tip. Hyphae grew parallel to the root axis following the anticlinal walls between epidermal cells (Fig. 4B) . Transversal root sections revealed internal colonization of the root cortex by all endophytes except for A. blochii 14/1.2.1 and Cylindrocarpon destructans 17/1.4.2. This colonization consisted of single hyphae crossing epidermal and outer cortical cells (Fig. 4C) . Only F. equiseti (isolates 10/3.3.1, 28/3.2.1, 34/2.1.1, 45/1.2.1, and 51/1.2.1) and P. herbarum 9/3.6.1 colonized the root cortex extensively. Electron microscopy revealed that hyphae on the root epidermis grew either within a fibrillar matrix or on top of this more electron translucent material (Fig. 4D ). This latter material found for F. equiseti and P. herbarum could be a fungal adhesive (Fig. 4D) . In addition, we observed plant cell wall degradation by hyphae growing within the cortex, suggesting extracellular enzyme secretion by the 2 endophytes (Figs. 4E and 4F ).
Discussion
One-third of the root endophytic fungi tested inhibited Ggt in dual cultures. This agrees with previous work in which the potential antagonistic activity of endophytic fungi versus fungal pathogens has been tested in vitro (Liu et al. 2001; Schulz et al. 2002; Tian et al. 2004) . Differences in the inhibitory capacity between fast-and slow-growing isolates were remarkable. The larger inhibition shown by the slow-growing isolates was probably not due to their earlier inoculation in the dual cultures (2 days before the pathogen), since this time was not enough for adequate development of the colonies. Furthermore, the colony of the pathogen was rapidly overgrown by the endophytes. Slow-growing isolates included a larger number of well-known antifungal taxa, such as Acremonium, Gliocladium, Penicillium, Phialophora, or Phoma (Handelsman and Stabb 1996; Sieber 2002) .
All endophytes axenically inoculated in barley were able to rapidly colonize the root cortex, as assessed by both cultural and microscopic methods. This is in contrast to their growth rate in culture medium. None of the endophytes had an effect on plant growth. This is in spite of the capability of all isolates to colonize the root. All isolates penetrated the root epidermis and colonized the epidermal and cortical tissues. Similar behavior of hyphae has been observed for other root endophytes (Damm et al. 2003; Gao and Mendgen 2006) . Fungi colonized the epidermal layer interand intra-cellularly and the first 2-3 cell layers of the root cortex but never reached the stele. This observation is characteristic for nonpathogenic root colonizers (Bordallo et al. 2002; Schardl et al. 2004) , which is in contrast to observations on root pathogens (Rodríguez-Gálvez and Mendgen 1995; Benhamou and Garand 2001) . No evidence of host defence reactions, such as papillae formation, at the penetration site of hyphae was found. However, the hyphae of F. equiseti and P. herbarum seemed to degrade the plant cell walls to some extent. This very much restricted action of these endophytes is reminiscent of pathogenic interactions of some root pathogens (Baayen and Rijkenberg 1999). In conclusion, no aggressive proliferation of hyphae seemed to be produced inside the root stele, thus preventing massive elicitation of plant defence reactions.
Eight out of 15 endophytes tested for in vivo antagonism against Ggt were able to increase ERL. Four of these (3 F. equiseti isolates and a sterile mycelium) were isolated originally from Poaceae roots, which include most Ggt hosts (Agrios 1997) . Six of them also reduced the presence of Ggt in the roots, including Dactylaria sp., F. equiseti, P. herbarum, and a sterile mycelium. Two F. equiseti isolates significantly reduced the number of symptomatic roots. These effects always occurred 2 weeks after inoculation. Prior to this time each fungus colonized the roots at different depths, close to their corresponding inoculation sites. In controls, the colonization of upper parts of the roots by Ggt by the second week explains disease symptoms in this region. In endophyte-inoculated treatments, the presence of antagonists in the upper parts of the root blocked or opposed colonization of the pathogen in these regions. This may explain the increase in the effective root length at 2 weeks, which was due to lack of Ggt symptoms in this region. Similar reduction of Ggt was shown for the endophytic colonization of wheat and barley roots by egg-parasitic nematophagous fungi (Monfort et al. 2005) . We have found that 2 F. equiseti isolates tested in this study persisted endophytically in barley roots for 2 months in pots under nonaxenic conditions. Preliminary results show also reduction of Ggt symptoms under these conditions (J.G. Maciá-Vicente, L. Rosso, A. Ciancio, H.-B. Jansson, L.V. Lopez-Llorca, unpublished).
The mechanisms involved in suppression of soil-borne root pathogens, and of Ggt in particular, may include antibiosis, competition for space and nutrients, parasitism, plant growth promotion, and induction of host resistance mechanisms (Handelsman and Stabb 1996; Aberra et al. 1998 ). In our experiments, when correlating ERL with growth inhibition data (Fig. 5A ), we found a negative correlation, indicating that growth inhibition was not an important factor for reduction of disease symptoms caused by Ggt. Tian et al. (2004) found that although many endophytes showed antagonism in dual cultures to plant pathogens, mechanisms other than the production of antibiotics were involved, since extracts containing these metabolites showed little or no activity. The absence of morphological traces of strong plant defence reactions (e.g., papillae) in plants with endophytes suggests that endophytes do not suppress Ggt by means of host defence induction. On the contrary, the positive correlation between endophytic fungal growth rate and ERL (Fig. 5B) plus the finding that the presence of an endophyte prevents colonization by Ggt points to competence for space as the main mechanism of disease suppression.
In summary, our data show that naturally occurring root endophytes isolated from natural vegetation under stress (Maciá-Vicente et al. 2008) can adequately colonize the rhizosphere of non-host plants without causing symptoms and can protect them against important fungal root pathogens, at least under laboratory conditions. These organisms represent a sample of a wide fungal diversity that can be developed as agents for biological control of root pathogens. This study is a first approach in that direction. We are presently extending these investigations to pot and field experiments.
